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Temporal patterning of neural progenitors is one of
the core mechanisms generating neuronal diversity
in the central nervous system. Here, we show that,
in the tips of the outer proliferation center (tOPC) of
the developingDrosophila optic lobes, a unique tem-
poral series of transcription factors not only governs
the sequential production of distinct neuronal sub-
types but also controls the mode of progenitor divi-
sion, as well as the selective apoptosis of NotchOFF
or NotchON neurons during binary cell fate decisions.
Within a single lineage, intermediate precursors
initially do not divide and generate only one neuron;
subsequently, precursors divide, but their NotchON
progeny systematically die through Reaper activity,
whereas later, their NotchOFF progeny die through
Hid activity. These mechanisms dictate how the
tOPC produces neurons for three different optic
ganglia. We conclude that temporal patterning gen-
erates neuronal diversity by specifying both the iden-
tity and survival/death of each unique neuronal
subtype.
INTRODUCTION
A central challenge in developmental neurobiology is to under-
stand how an apparently uniform pool of embryonic progenitors
produces the vast diversity of neurons and glial cells found in the
adult central nervous system (CNS). Studies in vertebrates and
insects have revealed that four primary mechanisms generate
neural cell diversity: (1) spatial patterning cues provide a unique
lineage identity to each progenitor (Rogulja-Ortmann and Tech-
nau, 2008; Technau et al., 2006); (2) temporal progression of
transcription factors in progenitors instructs them to orderly pro-
duce different neuronal and glial subtypes (Baumgardt et al.,
2009; Brody and Odenwald, 2000; Elliott et al., 2008; Isshiki
et al., 2001; Lee et al., 1999; Li et al., 2013; Livesey and Cepko,
2001; Zhu et al., 2006); (3) binary cell fate decisions mediated
by Notch lead to the formation of two postmitotic cells with
different fates during the final mitosis of intermediate precursors(Buescher et al., 1998; Truman et al., 2010), with one of these
cells sometimes undergoing apoptosis (Lin et al., 2010; Lundell
et al., 2003); (4) progenitors can generate intermediate precur-
sors with different proliferation modes (He et al., 2012). Some in-
termediate precursors divide once to produce two daughter cells
(type 1 neuroblasts) (Buescher et al., 1998), some undergo mul-
tiple divisions to amplify the lineage (type 2 neuroblasts) (Bello
et al., 2008; Boone and Doe, 2008), or some directly differentiate
into a neuron without further cell divisions (Karcavich and Doe,
2005; Ulvklo et al., 2012) (which we name type 0 neuroblasts).
Although these mechanisms are well characterized, very little
is known about how they interact with each other to specify
the unique fate of each neuron. For instance, it has been sug-
gested that Notch integrates spatial signals to determine
neuronal survival or apoptosis during binary cell fate decisions
(Lin et al., 2010), but these signals and the nature of their interac-
tion with Notch remain enigmatic.
The Drosophila visual system is an excellent model for study-
ing complex neurogenesis. Each optic lobe is composed of four
ganglia: the lamina, medulla, lobula, and lobula plate (Hofbauer
and Campos-Ortega, 1990; Meinertzhagen and Hanson, 1993).
The medulla, which has the largest neuropil, is composed of
40,000 neurons comprising more than 70 subtypes (Fischbach
and Dittrich, 1989; Morante and Desplan, 2008). It derives from a
single-layered crescent-shaped neuroepithelium in the larval
brain called the outer proliferation center (OPC). The OPC is pro-
gressively converted into progenitors (called neuroblasts) by a
wave of expression of the proneural gene lethal of scute that
sweeps from the edge toward the center of the crescent over
time (Egger et al., 2007; Egger et al., 2010; Ngo et al., 2010; Ya-
sugi et al., 2010) (Figure S1A available online). We and others
have recently shown that neuronal diversity in the medulla is
generated by a combination of spatial patterning, temporal
patterning, and binary cell fate decisions (Li et al., 2013; Suzuki
et al., 2013). Indeed, the expression of four genes, Vsx1, optix,
decapentaplegic (dpp), and wingless (wg) divides the OPC into
four spatial regions along the anteroposterior axis (Kaphingst
and Kunes, 1994) (T.E., X.L., C.B., Z. Chen, R. Baumert, J. Ng,
Rudy B., A. del Valle Rodriguez, L. Senderowicz, N. Negre,
K.P. White, and C.D., unpublished data). Each of these spatially
distinct regions produces different neuronal subtypes. In addi-
tion, neuroblasts deriving from the main OPC (which includes
the regions defined by Vsx1, Optix, and Dpp) all sequentiallyCell 158, 1173–1186, August 28, 2014 ª2014 Elsevier Inc. 1173
Figure 1. The tOPC Temporal Series Sequentially Produces Four Neuronal Classes
Unless specified, all pictures are posterior views of third instar larvae (L3).
(A) Model of a larval optic lobe showing that a wave of neurogenesis (orange) converts OPC neuroepithelial cells (NE, purple) into neuroblasts (NBs, yellow). The
tOPC is defined by wg-gal4 expression (green). A, anterior; P, posterior; V, ventral; D, dorsal; L, lateral; and M, medial.
(B) The tOPC region (wg > GFP, green, dashed lines). E-Cad stains the neuroepithelium (purple).
(C–G) tOPC neuroblasts sequentially express Dll (magenta in C and D), Ey (cyan in D and E), Slp (red in E and F), and D (yellow in F). White dashed lines show
the tOPC.
(legend continued on next page)
1174 Cell 158, 1173–1186, August 28, 2014 ª2014 Elsevier Inc.
express five temporal factors—Homothorax (Hth), Eyeless (Ey),
Sloppy-paired (Slp), Dichaete (D), and Tailless (Tll)—as they
age (Figures S1A and S1B). These factors and their overlap
determine about 12 neuroblast fates that generate distinct
neuronal subtypes. Finally, these neuroblasts produce interme-
diate precursors called ganglion mother cells (GMCs) that divide
asymmetrically to generate two distinct neurons, one NotchOFF
and one NotchON neuron expressing Apterous (Ap) (Figure S1B).
As a result, the larval medulla cortex is composed of several
layers, each composed of NotchON Ap-positive neurons inter-
mingled with NotchOFF neurons.
Here, we focus on the development of the tips of the OPC
defined by wingless expression (tOPC, Figures 1A, 1B, and
S1A), which provides a unique opportunity for studying how tem-
poral patterning of progenitors interplays with Notch to control
neuronal survival. We show that tOPC progenitors undergo com-
plex neurogenesis involving two dramatic transitions, one in the
mode of intermediate precursor division and the other in system-
atic apoptosis of one of their neuronal progeny during Notch-
mediated binary cell fate decisions. We provide evidence that,
in addition to specifying distinct neuronal subtypes over time,
temporal patterning of tOPC progenitors also controls the transi-
tion in apoptosis by specifying the systematic death of NotchON
neurons in a first phase and of NotchOFF neurons in a second
phase through the regulation of Reaper (Rpr) and Head involu-
tion defective (Hid), respectively. This complex neurogenesis
dictates how the tOPC produces neurons for three different
neuropils of the adult optic lobes. We conclude that temporal
patterning of progenitors generates neuronal diversity by con-
trolling multiple aspects of neurogenesis, including neuronal
identity and Notch-mediated cell survival.
RESULTS
tOPC Neuroblasts Undergo Temporal Patterning
In order to understand how medulla neuronal diversity is gener-
ated, we conducted an antibody screen to identify transcription
factors expressed in the developing optic lobes (Li et al., 2013).
The medulla derives from the larval OPC, where the progressive
conversion of neuroepithelium into neuroblasts allows us to visu-
alize in one snapshot neuroblasts at different temporal stages.
Oldest neuroblasts are found at the medial edge of the OPC
near the neuroepithelium, whereas newly specified neuroblasts
are found more laterally (Figures 1A and 1B).
This screen led us to identify four transcriptions factors, Distal-
less (Dll), Eyeless (Ey), Sloppy-paired (Slp), and Dichaete (D), ex-
pressed in consecutive stripes in tOPC neuroblasts of increasing
ages (Figures 1C–1F), with Dll expressed in the youngest tOPC
neuroblasts (Figures 1C and 1D) and D expressed in the oldest(H)Model of a cross-section showing neuroblasts (yellow circles), GMCs (yellow),
(I) Cross-section view showing the clustered organization of three of the four med
(Toy, red).
(J) Cross-section view. Early neuroblast clone (GFP, dashed lines) showing that
(K) Perduring GFP driven by ey-gal4 (dashed lines) is expressed in almost all Svp
(L) Perduring GFP driven by slp-gal4 (dashed lines) is expressed in all Toy neuro
(M) Cross-section view. Late neuroblast clone (dashed lines) showing that D exp
(N) Schematic model of tOPC neurogenesis. Only one neuroblast/GMC is shown
See also Figure S1.neuroblasts (Figure 1F). Neighboring stripes partially overlap,
suggesting a gradual replacement of one transcription factor
by the next as neuroblasts age. Therefore, tOPC neuroblasts ex-
press a unique series of transcription factors, Dll, Ey, Slp, and D
(Figure 1G), which is different from the main OPC in which neuro-
blasts sequentially express Hth, Ey, Slp, D, and Tll (Figures S1A
and S1B). Next, we examined the progeny of tOPC neuroblasts.
tOPC neuroblasts divide asymmetrically multiple times to self-
renew and produce a GMC, which, in turn, generates neurons.
The progeny of each tOPC neuroblast therefore forms a chain,
with newly specified neurons occupying the most superficial
layer and the oldest neurons the deepest layer (Figure 1H).
Despite screening over 200 antibodies, we found only four
different classes of larval tOPC neurons based on their expres-
sion of transcription factors. More importantly, in contrast to
the main OPC, in which different neuronal classes are inter-
mingled, neuronal classes are organized as homogeneous clus-
ters in the tOPC (Figure 1I), suggesting that this region has a
distinct mode of neurogenesis.
To decipher the mode of tOPC neurogenesis, we first deter-
mined which temporal windows produce each of the four
neuronal clusters, which are localized in different layers that
correlate with their birth order. Class 1 neurons are localized in
the deepest layer and coexpress Dll, Spalt major (Salm), Runt,
and D (the latter only in the ventral tOPC) (Figures S1D–S1F).
Young neuroblast clones in which the neuroblasts are at the
Dll+ stage include Dll+ GMCs and neurons (Figure 1J), indicating
that class 1 Salm/Runt neurons are produced during the Dll time
window. Class 2 neurons are localized in the layer above class 1
neurons and express Seven-up (Svp). Although Ey expression is
not transmitted to these neurons, GFP driven by ey-gal4 is ex-
pressed in almost all of them due to perdurance of Gal4 and
GFP (Figures 1K and S1G). This suggests that class 2 Svp neu-
rons are produced during the Ey time window. Class 3 neurons
are localized above class 2 neurons and express Twin-of-
eyeless (Toy). Slp is not transmitted to these neurons, but we
identified a slp-Gal4 line expressed in almost all Slp-expressing
neuroblasts (Figure S1H). This Gal4 line drives GFP expression in
the majority of Toy neurons (also due to perdurance, Figure 1L),
suggesting that class 3 Toy neurons are produced during the Slp
time window. Finally, class 4 neurons are localized in the most
superficial layer near the neuroblasts and coexpress Toy and D
(Figure S1I). Late neuroblast clones in which the neuroblasts
are at the D+ stage include D+ GMCs and neurons, indicating
that class 4 Toy/D neurons are produced at the end of tOPC lin-
eages during the D time window (Figure 1M).
In summary, four temporal windows in neuroblasts se-
quentially produce four classes of neurons in the larval tOPC
(Figure 1N). Initially, Dll is expressed and produces class 1and neurons (cyan). A single neuroblast clone is shownwith black thick outlines.
ulla neuronal classes: class 1 (Salm, magenta), class 2 (Svp, cyan), and class 3
Dll (magenta) is transmitted from neuroblasts (NBs) to neurons (n).
neurons (cyan).
ns (red).
ression (yellow) is transmitted to the neurons.
for each stage.
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Figure 2. Notch Status of tOPC Neurons
Posterior views of L3 optic lobes.
(A and B) Hey (white) is expressed by class 3 Toy and class 4 Toy/D neurons (A), but not by class 1 Salm/Runt (magenta, white arrows) and class 2 Svp (cyan, red
arrows) neurons (B). Dashed lines indicate the tOPC.
(C) Class 3 Toy and class 4 Toy/D neurons (red) are lost in su(H) mutant clones (GFP, dashed lines).
(D) Control brains showing class 1 Salm/Runt (magenta, arrowheads) and class 2 Svp (cyan, arrows) neurons.
(E) Ectopic Notch signaling (insc > NICD) leads to the loss of class 2 Svp neurons (cyan, arrows) but has no effect on class 1 Salm/Runt neurons (magenta,
arrowheads). Dashed lines indicate the tOPC.
(F) Average number of tOPC neurons in control and Notch gain of function (n = 7 brains/genotype). Magenta, class 1 Salm/Runt neurons; cyan, class 2 Svp
neurons. All data represent mean ± SD. NS, not significant. ***p < 0.001.
(G) Summary.
See also Figure S2.Salm/Runt neurons (magenta). These neuroblasts then switch to
Ey expression and produce class 2 Svp neurons (cyan), followed
by expression of Slp to produce class 3 Toy neurons (red) and,
finally, D expression to produce class 4 Toy/D neurons (yellow).
Three Groups of tOPC Neurons Based on Their
Notch Status
The clustered organization of tOPC neurons could be due to sys-
tematic apoptosis of one of the neuronal progeny of ‘‘type 1’’
neuroblasts. Alternatively, it could result from a ‘‘type 0’’ mode
of division of tOPC neuroblasts (Figure S1C). To test this, we first
determined the Notch status of the four classes of tOPC neu-
rons. We monitored the expression of the bHLH-O protein
Hairy/enhancer-of-split like a Y (Hey), which has been used as
a Notch sensor in the Drosophila CNS (Monastirioti et al.,1176 Cell 158, 1173–1186, August 28, 2014 ª2014 Elsevier Inc.2010). Hey expression is lost when Notch signaling is abolished
(suppressor of hairless, su(H) mutant clones, Figure S2A) and is
expanded when Notch signaling is constitutively active (overex-
pression of the Notch intracellular domain, NotchICD; Figures
S2B and S2C). Therefore, Hey is also a good sensor of Notch ac-
tivity in optic lobe neurons.
In the tOPC, Heymarks class 3 Toy and class 4 Toy/D neurons,
whichmust therefore beNotchON (Figure 2A). The absence of Hey
in class 1 Salm/Runt and class 2 Svp neurons suggests that they
are NotchOFF (Figure 2B). Consistent with this, class 1 Salm/Runt
and class 2 Svp neurons are not affected in su(H) mutant clones
(Figures S2D and S2E), whereas class 3 Toy and class 4 Toy/D
neurons are completely lost (Figure 2C). Conversely, ectopic
activation of Notch signaling in the tOPC decreases the number
of class 2 Svp neurons (Figures 2D–2F: control 282 ± 16;
insc-gal4 > NotchICD 54 ± 12; p < 0.001) but does not affect class
3 Toy and class 4 Toy/D neurons (Figure S2F). Surprisingly,
although class 1 Salm/Runt neurons appear to be NotchOFF,
they are not affected by high levels of Notch signaling, suggesting
that these neurons acquire their fate in a Notch-independent
manner (Figures 2D–2F: control 211 ± 10; insc-gal4 > NotchICD
221 ± 10; p = 0.1). Thus, based on their Notch status, the tOPC
neurons can be divided into three groups (Figure 2G): Notchinde-
pendent neurons (class 1), NotchOFF neurons (class 2), andNotchON
neurons (classes 3 and 4).
Origin of the Clustered Organization of tOPC Neurons
The presence of both NotchOFF and NotchON neurons suggests
that most tOPC neuroblasts are ‘‘type 1’’ neuroblasts and that
one of the progeny of their GMCs undergoes apoptotic cell
death. To test this, we stained tOPC neurons with the cell death
marker cleaved Caspase-3.
Cleaved Caspase-3 is expressed in a few neurons of the class
2 cluster that forms during the Ey time window. Indeed, although
this cluster is almost exclusively composed of NotchOFF Svp
neurons, we detected close to the neuroblast layer a small num-
ber of NotchON neurons that all express cleaved Caspase-3, as
well as Toy (white arrows, Figure S3A). This suggests that Ey
neuroblasts are ‘‘type 1’’ neuroblasts which, at each round of di-
vision, produce one NotchOFF Svp neuron that survives and one
NotchON Toy neuron that undergoes apoptosis. Consistent with
this, forcing the survival of NotchON Toy neurons via P35 expres-
sion increased their number (Figure 3E: Control 529 ± 51;
wg > P35 711 ± 36; p < 3.104) and creates an intermingling be-
tween these neurons (red) and the NotchOFF class 2 Svp neurons
(cyan, compare top parts of Figures 3A, A0, S3B, and S3C).
Similarly, we found evidence that cell death is implicated in the
formation of class 3 and class 4 clusters. In these two NotchON
clusters, we detected a small number of NotchOFF neurons
expressing cleaved Caspase-3 and Svp (yellow arrows, Fig-
ure S3A). Forcing the survival of these neurons via P35 expres-
sion strongly increased their number (Figure 3E: control 282 ±
16; wg > p35 603 ± 36; p < 5.106). Moreover, P35 expression
creates an intermingling between these NotchOFF Svp neurons
(cyan) and the NotchON class 3 Toy neurons (red) in the Slp
time window (compare bottom parts of Figures 3A and 3A0).
These NotchOFF Svp neurons are also intermingled with NotchON
class 4 Toy/D neurons (yellow) (compare Figures 3B and 3B0)
and, because there is no cell migration during tOPC neurogene-
sis, they must be produced locally during the D time window.
Thus, during the Slp and D time windows, an inversion in the
apoptotic pattern causes NotchOFF Svp-expressing neurons to
die, leading to the formation of the NotchON class 3 Toy and class
4 Toy/D clusters.
We next examined the mode of division of Dll neuroblasts.
These neuroblasts produce class 1 Salm/Runt neurons indepen-
dently of Notch and show no indication of apoptosis because no
new neurons appear in the presence of P35 (Figures 3C, 3C0, and
3E: control 221 ± 12; wg > p35 230 ± 22; p = 0.12). This opened
the possibility that Dll neuroblasts undergo a ‘‘type 0’’ mode of
division and produce GMCs that do not divide but instead
directly differentiate into a neuron. To test this, we generated
single neuroblast clones and analyzed the progeny of newlyspecified Dll-expressing neuroblasts (Figure 3D). These clones
always contain one GMC (stained with Asense) and only one
class 1 Salm/Runt neuron. Thus, during the Dll time window,
tOPC neuroblasts are type 0 neuroblasts that produce a single
neuron at each round of division.
In conclusion, the clustered organization of tOPC neurons re-
sults from two phenomena (Figure 3F): first, tOPC neuroblasts
are initially specified as type 0 neuroblasts (Dll time window)
and produce a single class of neurons. Second, they then switch
to type 1 neuroblasts (Ey, Slp, and D time windows), but half of
their progeny undergo apoptosis; NotchON die first in the Ey
time window, whereas NotchOFF die later, in the Slp and D time
windows. This leads to the production, within the same lineage,
of four hemilineages composed of neuronal classes 1, 2, 3, and
4, respectively.
Cross-Regulations between tOPC Temporal Factors
We next examined whether, like in the main OPC, cross-regula-
tion among Dll, Ey, Slp, and D contributes to the transition from
one factor to the next. The main OPC and tOPC temporal series
begin with different factors, Hth and Dll, respectively, raising the
possibility that Dll represses Hth in the tOPC. However, this is not
the case because Hth is not expressed in tOPC dllmutant clones
(Figure S4A). In addition, ey, slp, andD expression is not affected
in dll clones (data not shown), indicating that Dll is not required to
turn on subsequent factors of the temporal cascade. In ey loss of
function (mutants and RNAi, see Experimental Procedures), dll
expression remains restricted to the youngest neuroblasts (Fig-
ure S4B), whereas slp and D are lost (compare Figures S4C
and S4C0). Therefore, Ey is required to turn on the next factor
in the series, slp, but is not required to turn off dll. In slp mutant
clones, ey expression expands, whereas D is lost (Figure S4D).
Therefore, Slp turns off ey expression and is required to turn
on D expression. Finally, in D mutant clones, slp expands,
showing that D turns off slp expression (Figure S4E). Thus, like
in the main OPC, Ey, Slp, and D are required to turn on the
next transcription factor, whereas Slp and D are also required
for turning off the preceding transcription factor (Figure S4F).
tOPC Temporal Patterning Controls Notch-Mediated
Neuronal Survival
We then tested the role of Dll, Ey, Slp, and D during tOPC neuro-
genesis. Temporal factors have been shown to specify distinct
neuronal identities over time. In addition, in the tOPC, the transi-
tion in apoptosis pattern (from NotchON to NotchOFF dying) sug-
gests that this process is temporally regulated. We therefore
tested whether tOPC temporal factors specify both the identity
and the survival of the four classes of neurons.
Newly specified neuroblasts express high levels of Dll and pro-
duce class 1 Salm/Runt neurons. However, in dllmutant clones,
none of the markers of this neuronal class (Salm, Runt, and D)
are lost (Figure S4G and data not shown), suggesting that Dll
does not specify the identity of class 1 Salm/Runt neurons. Inter-
estingly, although loss of Dll does not alter Ey expression in
neuroblasts, it affects the neurons produced during the Ey time
window. Indeed, in dll clones, NotchOFF class 2 Svp neurons
are either partially (80% of the cases, n = 17/22) or completely
(20% of the cases, n = 5/22) lost, and they do not appear to beCell 158, 1173–1186, August 28, 2014 ª2014 Elsevier Inc. 1177
Figure 3. Origin of the Clustered Organization of tOPC Neurons
Posterior views of L3 optic lobes.
(A–C) P35 expression in tOPC neurons. Dashed lines show the tOPC.
(A and B) Control brains showing the NotchOFF Class 2 Svp (cyan in A), NotchON Class 3 Toy (red in A), and NotchON Class 4 Toy/D clusters (yellow in B). In
P35-expressing brains, NotchOFF Svp neurons are completely intermingled with NotchON Toy (A0) in the Ey and Slp time windows and with NotchON Toy/D (B0)
neurons in the D time window. White bars in (A) and (A0) delimitate the border between the Ey and the Slp time windows.
(legend continued on next page)
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transformed into another subtype (Figure 4A). This suggests that
Dll promotes survival of the NotchOFF neurons produced during
the Ey window (Figure 4A0). To test whether Dll is sufficient to
promote the survival of NotchOFF neurons, we ectopically ex-
pressed it in the Slp and D later time windows (Figures 4B and
4B0) using slp-gal4. If Dll promotes the survival of these neurons,
it should rescue the Svp-expressing neurons (the NotchOFF sib-
lings of class 3 and class 4 NotchON neurons) that normally die in
this part of the lineage. This is indeed the case: although ectopic
Dll does not affect the expression of Ey, Slp, andD in neuroblasts
(data not shown), like P35 expression, it creates an intermingling
betweenNotchOFF Svp-expressing neurons andNotchON class 3
and class 4 Toy neurons in the dorsal tOPC tip (arrow in Fig-
ure 4B; Svp neurons: control 142 ± 12; slp > dll 204 ± 16; p <
104), but not in the control ventral tip in which slp-gal4 is only
weakly expressed (arrowhead in Figure 4B). These results thus
demonstrate that, during tOPC neurogenesis, Dll does not
specify neuronal identities but instead acts in the Ey temporal
window to promote the survival of NotchOFF class 2 Svp neurons
(Figure 4H).
Neuroblasts expressing high levels of Ey produce NotchOFF
class 2 Svp neurons. Removing ey activity does not lead to the
loss of these neurons, suggesting that Ey does not specify their
identity. However, removing ey activity generates two striking ef-
fects. First, it dramatically increases the number of NotchOFF
class 2 Svp neurons (Figures 4C–4E: WT 282 ± 16; wg > ey-
RNAi 695 ± 41, p < 104), indicating that Ey induces apoptosis
of NotchOFF neurons. Second, it leads to the complete loss of
NotchON class 3 and 4 Toy-expressing neurons that are normally
produced during the later Slp and D time windows (compare Fig-
ures 4C and 4D). These NotchON Hey-positive neurons are still
generated, but they all express the apoptosis marker Cleaved
Caspase-3 and rapidly disappear (Figure 4F). Coexpression of
P35with ey-RNAi rescues their death and generates an intermin-
gling between these NotchON neurons and NotchOFF class 2 Svp
neurons (Figures 4G and 4G0). Thus, Ey is required for the survival
of NotchON neurons, and in its absence, the switch in the
apoptosis pattern no longer happens (Figure 4F0): NotchOFF neu-
rons survive, whereas NotchON neurons die throughout neuro-
genesis, resulting in a massive increase of class 2 Svp neurons.
In summary, Ey plays a dual role in the control of neuronal
survival—it induces apoptosis of NotchOFF neurons, and it pro-
motes survival of NotchON neurons. Interestingly, when we
forced the survival of Hey-positive NotchON neurons in ey loss
of function (ey RNAi + UAS-P35), we noticed that these neurons
no longer express Toy (Figure 4G), suggesting that Ey is also
required for the ‘‘Toy’’ identity.
Removing ey function affects the neurons produced during the
later Slp and D time windows (Figure 4H). Because Ey is required
for Slp expression (and thus indirectly for D expression), we next(C) Control brain stained with Hey (green) and Salm (magenta). (C0) P35 expressi
(D) Single neuroblast clones showing that newly specified neuroblasts generate
magenta). Neuroepithelium (NE, arrowhead) is stained with DE-Cad (white). Asteri
(E) Average number of Salm (magenta), Svp (cyan), Toy (red), and D (yellow) neur
SD. NS, not significant. ***p < 0.001.
(F) tOPC neurogenesis mode.
See also Figure S3.tested whether the ey phenotype could be due to the loss of Slp
in neuroblasts. If this hypothesis is correct, removing Slp should
produce the same phenotype as ey loss of function—i.e., expan-
sion of NotchOFF class 2 Svp neurons and loss of NotchON class 3
Toy neurons. In slpmutant clones, NotchOFF class 2 Svp neurons
do not expand (Figure S4H), indicating that Slp does not induce
apoptosis of NotchOFF neurons. However, NotchON class 3 neu-
rons (marked by Toy and Hey) express cleaved Caspase-3 and
systematically undergo apoptosis (Figures 5A, 5A0, and S4I).
Expression of P35 in slp clones rescues their death and gener-
ates an intermingling between these NotchON Toy neurons and
NotchOFF class 2 Svp neurons (Figures 5B, 5B0, and S4J).
Thus, Slp promotes survival of NotchON neurons.
Ey induces apoptosis of NotchOFF neurons, whereas Slp pro-
motes survival of NotchON neurons. We next investigated the
potential targets of Ey and Slp. In Drosophila, the cell death
pathway is initiated by the expression of the genes reaper (rpr),
head involution defective (hid), and grim (Figure 5C), which, by in-
hibiting DIAP-1, lead to the activation of initiator Caspase-9
(Dronc). Dronc in turn activates Caspase-3, which triggers the
apoptotic process (Xu et al., 2009). P35 acts by preventing
Caspase-3 from killing the cells. Like with P35 overexpression,
removing rpr, hid, and grim (def(3L)H99 clones; Figures 5D and
5E) or Dronc (Figures 5D, 5F, S5A, and S5B) blocks apoptosis
and generates an intermingling between NotchOFF and NotchON
neurons in the Ey, Slp, and D time windows. Strikingly, in Dronc
mutants in which neurons initiate apoptosis but do not complete
it, Hid is only expressed in NotchOFF neurons that normally die
during the Slp and D time windows (Figure 5G). This suggests
that Hid specifically initiates apoptosis of NotchOFF neurons.
Consistent with this, removing Hid activity (Hidhypomorph/def(3L)
H99 or wg > hid-RNAi) specifically rescues apoptosis of Notch-
OFF Svp neurons produced during the Slp and D time windows
(Figure 5H, 5H0, S5C, and S5C0). By contrast, removing rpr spe-
cifically rescues apoptosis of NotchON neurons produced during
the Ey time window (Figures 5I and 5I0). Thus, Rpr initiates
apoptosis of NotchON neurons, whereas Hid initiates apoptosis
of NotchOFF neurons. Based on these results, we propose that
Ey induces apoptosis of NotchOFF neurons by activating hid,
whereas Slp promotes survival of NotchON neurons by repres-
sing rpr (Figure 5J).
The Sequential Expression of Dll, Ey, and Slp Governs
the Switch in Apoptosis
Our data suggest that the default fate of NotchON neurons is to
undergo apoptosis (through rpr) and that Ey promotes their sur-
vival indirectly by activating Slp expression in neuroblasts. This
explains why NotchON neurons die during the Ey time window
but survive during the later Slp and D time windows (Figure 5J).
Although Ey also induces apoptosis of NotchOFF neurons, theseon has no effect on the Notchindep Salm/Runt cluster.
GMCs (Asense, blue) that directly differentiate into one class 1 neuron (Salm,
sk indicates a newly formed neuroblast that has not produced any neurons yet.
ons in control and wg > P35 (n = 6 brains/genotype). All data represent mean ±
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Figure 4. Dll and Ey Control Notch-Mediated
Neuronal Survival
Posterior views of L3 optic lobes. Unless otherwise
mentioned, dashed lines show the tOPC.
(A and A0) dll mutant clones (green, dashed lines).
Removing dll affects class 2 Svp neurons (cyan,
arrow).
(B and B0) Dll overexpression. slp-gal4 is strongly
expressed in the dorsal tOPC but is weakly ex-
pressed in the ventral tOPC that serves as an in-
ternal control (B). Expressing Dll (green) in Slp and
D neuroblasts rescues the death of class 2 Svp
neurons (cyan, compare arrow with arrowhead on
control side).
(C) Maximal projection of a WT brain showing class
2 (Svp, cyan) and class 3 and 4 (Toy, red) neuronal
clusters.
(D) Maximal projection of an ey mutant brain
showing the disappearance of NotchON class 3 and
4 neurons (red) and the expansion of NotchOFF
class 2 Svp neurons (cyan, arrowheads).
(E) Average number of class 2 Svp neurons in
various genotypes (n = 6 brains/genotype). All data
represent mean ± SD. NS, not significant. ***p <
0.001.
(F and F0) In wg > ey-RNAi, NotchON Hey-positive
neurons (white) all express the death marker
cleaved Caspase-3 (yellow, arrows).
(G and G0) Coexpressing P35 with ey-RNAi rescues
the death of NotchON Hey-positive neurons (white)
and generates an intermingling between these
neurons and NotchOFF class 2 Svp neurons (cyan).
The rescued NotchON neurons do not express Toy
(red).
(H) Timing of Dll and Ey activities.
See also Figure S4.
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neurons survive in the Ey time window, suggesting that one or
several factors repress Ey activity during the Ey time window.
Dll could be one of these factors because it is active in the Ey
time window and it is sufficient to promote survival of NotchOFF
neurons. To test whether we could overcome this repression,
we overexpressed Ey in tOPC neuroblasts with insc-gal4.
Ectopic Ey has no effect on neurons produced during the Dll,
Slp, and D time windows but leads to a significant decrease in
the number of NotchOFF class 2 Svp neurons that form during
the Ey time window (control 282 ± 16; insc > UAS-ey 194 ± 17;
p < 3.105). Thus, when Ey levels are very high, its repressors
(including Dll) are no longer able to prevent it from inducing
apoptosis of NotchOFF neurons.
Altogether, our data demonstrate that Dll, Ey and Slp control
neuronal survival and that their sequential expression deter-
mines the switch in the pattern of apoptosis. We propose the
following model (Figure 5J): by default, NotchON neurons un-
dergo Rpr-dependent apoptosis. During the Ey time window,
Dll and unknown repressors antagonize Ey activity, whereas
Slp is not expressed yet. As a result, NotchOFF neurons survive,
whereas NotchON neurons undergo apoptosis. In the Slp time
window, Slp promotes survival of NotchON neurons, whereas
Ey repressors are no longer expressed/active to prevent Ey-
induced apoptosis of NotchOFF neurons (through Hid), therefore
causing an inversion in the apoptosis pattern. This inversion lasts
until the end of neurogenesis, implying that one or several factors
relay Ey and Slp activities. D, which defines the last timewindow,
does not control neuronal survival. Indeed, in D mutant clones,
NotchOFF neurons keep dying, whereas NotchON class 4 Toy/D
neurons disappear and are replaced by NotchON class 3 Toy
neurons (Figure S4K). This suggests that D does not relay Ey
and Slp activities and instead only specifies neuronal fate. We
conclude that temporal patterning of progenitors generates
neuronal diversity by controlling both neuronal identity and
Notch-mediated survival decisions.
The tOPC Produces Neurons for Three Different
Optic Ganglia
In order to understand the consequences of the complex mode
of neurogenesis in the tOPC, we finally investigated which types
of neurons are produced in this region. The adult optic lobes
comprise four neuropils, the lamina, medulla, lobula, and lobula
plate. The lamina derives from the inner part of the OPC cres-
cent, whereas themain region of theOPCgenerates themedulla.
The inner proliferation center (IPC) and the lobula plug (which de-
rives from the IPC) together generate the lobula and lobula plate
(Figure S6A).
We tested which neurons the tOPC specifically produces.
Because wg-gal4 expression is not maintained in adult brains,
we generated a memory cassette tool to determine the
adult neuronal subtypes produced by the tOPC that we named
FLEXAMP for ‘‘flip-out LexA amplification’’ (Figure 6A, see
Experimental Procedures). We crossed FLEXAMP to wg-gal4,
which is expressed in the entire tOPC and a subset of IPC cells,
and with slp-gal4, which is specifically expressed in Slp and
D-expressing neuroblasts of the tOPC (due to Gal4 per durance).
We generated early clones to label dividing neuroepithelial cells
(Figures S6B and S6C). Unexpectedly, these clones revealedthat the tOPC produces distinct neuronal subtypes for three of
the four adult neuropils: distal medulla neurons (arrow 1), me-
dulla tangential and proximal medulla neurons (arrows 2), lobula
columnar neurons (arrows 3), and lobula complex columnar neu-
rons (arrows 4).
To determine during which temporal window each of these
neuronal subtypes is produced, we stained the nuclei of adult
wg > and slp > FLEXAMP clones with antibodies specific to
the four larval neuronal classes (Figure 6). Strikingly, cell bodies
of the same neuronal class (i.e., of neurons produced during the
same time window) are all localized in the same area of the optic
lobes. The identification of these neuronal subtypes is made ac-
cording to Fischbach and Dittrich (1989), and their detailed
morphology is described in the Figure 6 legend. Because Salm
and Runt expression is not maintained in adult tOPC neurons,
we could not precisely determine the terminal identity of class
1 neurons. However, in midpupal brains, Salm and Runt are still
expressed, and we found that cell bodies of class 1 neurons are
localized in the lobula plate and appear to include lobula plate
intrinsic neurons (lopi neurons, Figure 6B). Class 2 Svp neurons
migrate from their birthplace in the tOPC, and their cell bodies
are found in the distal medulla cortex. These neurons resemble
previously described Distal medulla 6 neurons (Dm6 neurons,
Figures 6C and 6C0), but because their arborizations are larger,
we named them Dm6b. Cell bodies of class 3 Toy neurons are
all found in the medulla rim, the region between the medulla
and the lobula/lobula plate neuropils (Figure S6A). These neu-
rons can be classified into three groups, depending on where
they project. The first group is composed of Medulla tangential
neuronsMt8 andMt4 that connect different layers of the medulla
with the central brain (Figures 6D, 6D0, and S7A). The second
group is composed of previously undescribed proximal medulla
neurons (Pm) that project into medulla layer M7 (Figures 6E and
6E0). We named these neurons Pm7a, b, and c, depending on the
length of their arborizations (Figures S7B–S7D). The third group
is composed of lobula columnar neurons 6 (LCN6), which con-
nect layers of the lobula with the central brain (Figures 6F and
S7D). The presence of three different groups of class 3 Toy
neurons (Mt, Pm, and LCN) raises the possibility that unknown
temporal genes divide the Slp time window into three smaller
windows, each producing one of these groups. Alternatively,
this subdivision may be achieved by spatial patterning genes.
Finally, cell bodies of class 4 Toy/D neurons are localized in
the lobula plate cortex. These neurons resemble lobula complex
columnar neurons 2 (Lccn2) that connect the lobula and the lob-
ula plate with the central brain.We could not obtain single neuron
clones, but we could identify at least two subtypes of these neu-
rons projecting into different layers of the lobula plate neuropil
(Figures 6G and S7E). We named them Lcnn2a and b. As in
the Slp timewindow, the fact that we could identify two subtypes
of Toy/D neurons suggests the existence of additional temporal
and/or spatial patterning genes.
In conclusion, unlike the main OPC, the tOPC region produces
several neuronal cell types that innervate three different neuro-
pils of the adult optic lobes—the medulla, lobula, and lobula
plate (Figure 6H). Therefore, in addition to leading to the produc-
tion of distinct neuronal subtypes over time, the four temporal
windows defined by Dll, Ey, Slp, and D also determine in whichCell 158, 1173–1186, August 28, 2014 ª2014 Elsevier Inc. 1181
Figure 5. tOPC Temporal Factors and the Cell Death Pathway
Posterior views of L3 optic lobes. Unless specified, dashed lines show the tOPC.
(A and A0 ) In slp mutant clones (dashed lines), NotchON Toy-expressing neurons (red) die as shown by expression of cleaved Caspase-3 (yellow, arrows).
(B and B0) Expressing P35 in slp clones rescues the death of NotchON Toy neurons (red).
(C) The cell death pathway.
(D) NotchOFF class 2 (Svp, cyan) and NotchON class 3 and 4 clusters (Toy, red) in a WT tOPC.
(E) Removing hid, rpr, and grim (def(3L)H99 clones, dashed lines) rescues the death of NotchON Toy neurons (red) in the Ey time window (arrowhead) and that of
NotchOFF Svp neurons (cyan) in the Slp and D time windows (arrow).
(legend continued on next page)
1182 Cell 158, 1173–1186, August 28, 2014 ª2014 Elsevier Inc.
area of the optic lobes the neuronal cell bodies are localized (Fig-
ure 7): the Dll time window gives rise to neurons whose cell
bodies are in the lobula plate cortex; the Ey time window pro-
duces neurons with cell bodies in the medulla cortex; the Slp
time window produces neurons with cell bodies in the medulla
rim; and the D time window produces neurons with cell bodies
in the lobula plate cortex.
DISCUSSION
Although apoptosis is a common feature of neurogenesis in both
vertebrates and Drosophila, the mechanisms controlling this
process are still poorly understood. For instance, several studies
in Drosophila have shown that, depending on the context, Notch
can either induce neurons to die or allow them to survive during
binary cell fate decisions. This is the case in the antennal lobes
where Notch induces apoptosis in the antero-dorsal projecting
neurons lineage (adPN), whereas it promotes survival in the
ventral projecting neurons lineage (vPN) (Lin et al., 2010). In
both of these cases, the entire lineage makes the same decision
whether the NotchON or NotchOFF cells survive or die. This sug-
gests that, in this system, Notch integrates spatial signals to
specify neuronal survival or apoptosis.
Here, we show that, during tOPC neurogenesis, neuronal sur-
vival is determined by the interplay between Notch and temporal
patterning of progenitors. Indeed, within the same lineage, Notch
signaling leads to two different fates: it first induces neurons to
die, whereas later, it allows them to survive. We show that this
switch is due to the sequential expression of three highly
conserved transcription factors—Dll/Dlx, Ey/Pax-6, and Slp/
Fkh—in neural progenitors. These three factors have distinct
functions, with Dll promoting survival of NotchOFF neurons, Ey
inducing apoptosis of NotchOFF neurons, and Slp promoting sur-
vival of NotchON neurons. Our data suggest that Ey induces
death of NotchOFF neurons by activating the proapoptotic factor
hid. Thus, Dll probably antagonizes Ey activity by preventing Ey
from activating hid. Our data also suggest that Notch signaling
induces neuronal death by activating the proapoptotic gene
rpr. Thus, Slp might promote survival of NotchON neurons by
directly repressing rpr expression or by preventing Notch from
activating it. In both cases, the interplay between Notch and
Slp modifies the default fate of NotchON neurons, allowing
them to survive. Further investigations will test these hypotheses
and determine how Dll, Ey, Slp, and Notch differentially activate/
repress hid and rpr.
Although the tOPC and the main OPC have related temporal
sequences, their neurogenesis is very different. This difference
is in part due to the fact that newly specified tOPC neuroblasts
express Dll, which controls neuronal survival, instead of Hth.(F) Removing Dronc generates an intermingling between NotchOFF (Svp, cyan) an
delimitate the border between the Ey and Slp time windows.
(G) In Dronc mutants, Hid is only expressed in the NotchOFF Svp neurons that no
(H and H0) Decreasing Hid activity (hidhypomorph /def(3L)H99) has no effect on the
death of NotchOFF Svp neurons (cyan) in the Slp and D time windows (H0 ). This p
(I and I0) Removing rpr rescues the death of NotchON Toy neurons in the Ey time w
time windows (I0).
(J) Interactions between tOPC temporal factors and cell death genes.
See also Figure S5.Why do tOPC neuroblasts express Dll? The tOPC, which is
defined by Wg expression in the neuroepithelium, is flanked by
a region expressing Dpp (Kaphingst and Kunes, 1994). Previous
studies have shown that high levels of Wg and Dpp activate Dll
expression in the distal cells of the Drosophila leg disc (Estella
et al., 2008). Wg and Dpp could therefore also activate Dll in
the neuroepithelium and at the beginning of the temporal series
in tOPC progenitors. Another difference between the main OPC
and tOPC neurogenesis is that Ey and Slp have completely
different functions in these regions. Indeed, unlike in the main
OPC, Ey and Slp control the survival of tOPC neurons. This sug-
gests that autonomous and/or nonautonomous signals interact
with these temporal factors and modify their function in the
tOPC.
Finally, tOPC neuroblasts produce neurons for three different
neuropils of the adult visual system, the medulla, the lobula,
and the lobula plate. This ability could be due to the particular
location of this region in the larval optic lobes. Indeed, the
tOPC is very close to the two larval structures giving rise to the
lobula and lobula plate neuropils—Dll-expressing neuroblasts
are located next to the lobula plug, whereas D-expressing neuro-
blasts are close to the IPC. Interestingly, Dll and D neuroblasts
specifically produce lobula plate neurons. This raises the possi-
bility that these neuroblasts and/or the neurons produced by
these neuroblasts receive signals from the lobula plug and the
IPC, which instruct them to specifically produce lobula plate neu-
rons. These nonautonomous signals could also modify the func-
tion of Ey and Slp in the tOPC.
In summary, this study demonstrates that temporal patterning
of progenitors, a well-conserved mechanism from Drosophila to
vertebrates, generates neural cell diversity by controlling multi-
ple aspects of neurogenesis, including neuronal identity,
Notch-mediated cell survival decisions, and the mode of inter-
mediate precursor division. In the tOPC temporal series, some
factors control two of these aspects (Ey), whereas others have
a specialized function (Dll, Slp, andD). This suggests that tempo-
ral patterning does not consist of a unique series of transcription
factors controlling all aspects of neurogenesis but instead
consists of multiple superimposed series, each with distinct
functions.
EXPERIMENTAL PROCEDURES
Antibodies and Immunostaining
Standard methods were used for antibody staining (see Extended Experi-
mental Procedures). The following antibodies were used: rabbit anti-Hth
(1:500) (R. Mann), guinea pig anti-Dll (1:500) (R. Mann), mouse anti-Ey (1:10)
(DSHB), rabbit anti-Slp (1:500) (segmentation antibodies), guinea-pig anti-
Runt (1:500) (segmentation antibodies), rabbit anti-D (1:200) (ModENCODE),
guinea-pig anti-D (1:50) (J. Nambu), rabbit anti-Salm (1:500) (T. Cook), moused NotchON neurons (Toy, red) in the Ey, Slp, and D time windows. White bars
rmally die in the Slp and D time windows (arrows).
neurons produced during the Ey time window (H). However, this rescues the
henotype is more pronounced in the ventral side of the tOPC (arrow).
indow (red, I) but has no effect on the neurons produced during the Slp and D
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Figure 6. Neuronal Subtypes Produced in the tOPC
(A) The FLEXAMP memory cassette.
(B–G) FLEXAMPmemory clones in midpupal (B) and adult brains (C–G). In all panels, dashed lines show the neuropils stained by N-Cad (magenta). Arrows point
to the neuronal cell bodies, and arrowheads point to the projections.
(B and B0) wg > FLEXAMP clones (green) suggest that class 1 Salm/Runt neurons (white) are Lopi neurons.
(legend continued on next page)
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Figure 7. Summary of tOPC Neurogenesis
The Dll, Ey, Slp, and D timewindows produce distinct neuronal subtypes, each
localized to a specific area of the optic lobes.anti-Svp (1:500) (Y. Hiromi), guinea-pig anti-Toy (1:500) (U. Walldorf), rabbit
anti-Ey/Toy (1/500) (J. Clements), guinea-pig anti-Hey (1:1,000) (C. Delidakis),
guinea pig anti-Dpn (1:500) (J. Skeath), rabbit anti-Ase (1:100) (Y. Jan), rabbit
anti-cleaved-Caspase-3 (1:100) (Cell Signaling Technology), guinea pig anti-
Hid (D. Ryoo), mouse anti-24B10 (1:20), Rat anti-DE-Cadherin (1:20), and
Rat anti-DN-Cadherin (1:20) (all from DSHB), sheep anti-GFP (1:500, AbD Se-
rotec). Secondary antibodies are from Jackson or Invitrogen.
Genetics and Fly Strains
The following Gal4 lines were used: wg-gal4 (ND382, K. Basler); eyOK107-gal4
(JB. Connolly); slp-gal4 (R35A08, Janelia Gal4 collection), and insc-gal4 (Li
et al., 2013). The following mutant stocks were used: y,w;;; eyJ5.71/Miunc-
13MI00468(y+); DroncI24/TM3Sb (D. Ryoo); def(3L)H99,kniP/Tm3Sb (Blooming-
ton 1576); hidA22/TM6c (L. Johnston); and y,w,hsFLP;;def(3L)rprXR38/TM6b
(L. Johnston). Wild-type and mutant clones were generated by 37 C heat
shocks at early larval stages. Wandering third instar larvae were analyzed.
The progeny of overexpression and RNAi experiments (all involving tub-
gal80ts) was raised at 18C, heat shocked 2 days at 29C from early larval
stages and dissected right after heat shock. Genotypes of clonal, RNAi, and
overexpression experiments are simplified throughout the text and figures.
See Extended Experimental Procedures for complete genotypes and crosses.
FLEXAMP Memory Cassette
FLEXAMP genotype: y,w,UAS-FLP; If/CyO; act > y[+] > LHV2-86Fb,13Xlex-
Aop2-myr::GFP/TM6B. The act > y[+] > LHV2-86Fb stop cassette (K. Basler)
contains an optimized version of lexVP16 that has a reduced toxicity and cannot
be inhibited by Gal80. The lexAop13X-myr::GFP reporter (B. Pfeiffer) is an opti-
mized version of lexAop, leading to strong expression levels of myr::GFP
without being leaky in the optic lobes. To generate clones, FLEXAMP was(C and C0) (C)wg > FLEXAMP clones (green). Class 2 Svp neurons (cyan) are Dm6
to contact R8 photoreceptors axons (Chaoptin, magenta).
(D–F) slp > FLEXAMP clones (green) showing the three types of class 3 Toy neu
(D and D0) Mt8 neurons project in M6, M7 (white arrowheads), and the central br
terminations (Chaoptin, magenta).
(E) TwoPm7bneurons (medium-sizeprojections) identifiedwithwhite andyellowar
(F) LCN6 neurons arborize in lobula layers Lo3, 4, and 5 (white arrowheads) and
(G) slp > FLEXAMP clones (green). Class 4 Toy/D neurons (yellow) are Lccn2a a
lobula (red arrowheads) and the central brain (blue arrowhead).
(H) Neuronal subtypes produced by the tOPC. M, medulla; Lo, lobula; Lop, lobu
See also Figure S7.crossed to wg-gal4 or slp-gal4 combined with tub-gal80ts. The progeny of
these flies was raised at 18C, incubated several hours at 29C (to inactivate
Gal80), and put back at 18 C until adult stage. The incubation time to obtain
an optimal and analyzable number of GFP-expressing neurons in adults varied
depending on the gal4 line (4 hr with wg-gal4 and 24 hr with slp-gal4).
Quantifications
For each staining, positive cells were counted manually on each z plane using
custom-written scripts in Igor Pro (WaveMetrics). Each graph bar represents
the average number of neurons for a given genotype. Error bars represent SD,
and t tests are used to determinewhether the samples are significantly different.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures and
seven figures and can be found with this article online at http://dx.doi.org/
10.1016/j.cell.2014.07.045.
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